Ribosomal proteins (RPs) activate the p53 tumoursuppressor protein upon disruption of the nucleolus. However, the exact mechanisms for p53 transcriptional activation through RPs are not well understood. We show that the RPL11 is rapidly but transiently recruited at promoter sites of p53-regulated genes upon nucleolar stress induced by actinomycin D (ActD). Characterisation of molecular events at p53 promoter sites shows that L11 is required for the recruitment of p53 transcriptional co-activators p300/CBP and p53 K382 acetylation. We found that direct binding to Mdm2 E3 ligase and NEDDylation of L11 are critical regulators for L11 promoter recruitment. Our data suggest that binding of L11 to Mdm2 at the promoter results in relief from Mdm2-mediated transcriptional repression of p53. Analysis of chromatin and RNA polymerase II markers suggests that L11 is involved in the initiation step of transcriptional activation. Furthermore, analysis of 36 ActD-induced genes shows that L11 and NEDD8 are global regulators of the p53 activation response. The studies provide insights on how nucleolar stress through L11 and NEDD8 can activate the transcriptional activity of p53.
Introduction
The nucleolus is the centre for ribosome biogenesis where the majority of ribosomal proteins (RPs) are imported from the cytoplasm to associate with ribosomal RNA (rRNA) and other proteins for the formation of the large and small subunits of the ribosome (Perry, 2007; Montanaro et al., 2008) . What is evident is that the nucleolus has an important role in the coordination between ribosome production and regulation of the cell cycle (Boulon et al., 2010) . A well-established example for this cross talk comes from studies on the p53 tumour suppressor. Under normal ribosome biogenesis conditions, p53 is rapidly being degraded through the ubiquitin proteasome pathway. The Mdm2 E3 ligase is a vital regulator of p53 function by promoting p53 ubiquitination and degradation (Kruse and Gu, 2009; Wade et al., 2010) . Growth-arrest signals that disrupt any of the key steps involved in ribosome biosynthesis cause the so-called nucleolar or ribosomal stress (Rubbi and Milner, 2003) . For example, low doses of actinomycin D (ActD), a drug used for cancer treatment, selectively inhibits the function of RNA polymerase I and consequently rRNA production (Perry and Kelley, 1970) . This inhibition results in the relocalisation of many RPs (L11, L5, L23, S7 and S3) from the nucleolus to the nucleoplasm, triggering their interaction with Mdm2. There is also evidence that decrease in rRNA levels alone in the absence of nucleolar disruption results in excess of RPs that are sufficient to promote binding of RPs to Mdm2 (Donati et al., 2011) . The binding of RPs to Mdm2 inhibits Mdm2 activity to degrade p53, leading to p53 stabilisation and p53-dependent cell cycle arrest (Lindstrom, 2009; Zhang and Lu, 2009 ). There are also examples where decrease in RP levels also cause p53 activation indirectly through RPL11 (Fumagalli et al., 2009; Sun et al., 2010) . Therefore, the nucleolus has an important role as a sensor of cell growth defects. Through RPs the nucleolus mediates stress signals to p53 and controls the cell cycle.
Ubiquitin and ubiquitin-like molecules, such as SUMO and NEDD8, are involved in the regulation of myriad of biological processes (Welchman et al., 2005; Dikic et al., 2009) . The NEDD8 pathway is essential for cell viability, growth and development. NEDD8 is conjugated onto substrates similarly to ubiquitin or SUMO conjugation. However, compared with ubiquitination or SUMOylation, much less is known about molecular targets and pathways controlled by NEDD8 (Rabut and Peter, 2008; Xirodimas, 2008; Wang et al., 2011; Watson et al., 2011) .
The NEDD8 pathway can control the signalling function of RPL11 to p53 under nucleolar stress conditions. RPL11 was identified as a NEDD8 substrate and subsequent studies showed that the role of L11 NEDDylation is to drive L11 in the nucleolus. Nucleolar stress induced by low doses of ActD causes rapid decrease in L11 NEDDylation, which has the following biological consequences: (a) It allows L11 relocalisation from the nucleolus to the nucleoplasm where it activates p53 and (b) it targets L11 for proteasomal degradation (Sundqvist et al., 2009) .
However, despite the established role of RPs in signalling from the nucleolus to p53, the mechanisms by which RPs facilitate p53 transcriptional activation upon nucleolar stress are not fully understood. In this study, we found that nucleolar stress by ActD causes a rapid and transient recruitment of RPL11 at promoter sites of p53-regulated genes. This is dependent on NEDD8 and direct interaction of L11 with Mdm2. Further analysis suggests that L11 promoter recruitment results in relief from Mdm2-mediated transcriptional repression of p53 and/or transcriptional initiation. Furthermore, analysis of the expression of multiple and functionally diverse p53-dependent genes, shows that L11 and NEDD8 are key regulators of the p53 transcriptional activation programme during nucleolar stress. The data reveal insights on p53 activation by L11 and on the role of the NEDD8 pathway in signalling from the nucleolus to transcription factors under cell growth arrest conditions.
Results

RPL11
and NEDD8 are global regulators of p53-induced genes upon nucleolar stress Microarray studies identified genes that are activated upon nucleolar stress by low doses of ActD (Choong et al., 2009) . To obtain a global view on the role of L11 and NEDD8 in the transcriptional regulation of genes induced during nucleolar stress, we selected 36 genes that displayed a robust induction upon ActD treatment. Out of the 36 selected genes, 28 were reported to be p53-dependent (Choong et al., 2009) . Another criterion for the gene selection was the broad coverage of functional outcome (Supplementary Table 1) . We monitored using quantitative PCR (see Supplementary Table 3 ) the expression of the selected genes upon ActD treatment in MCF7 cells transfected with control, L11 or NEDD8 small interfering RNA pools. Figure 1a displays the data from a subset of these genes. The full set of data can be found in Supplementary Table 2 . Consistent with the microarray analysis, ActD caused an induction for all tested 36 genes ( Figure 1b) . We found that the induction of 29 genes was dependent on both L11 and NEDD8. The induction of six genes (CYR61 as an example, Figure 1a) was not affected by either L11 or NEDD8 knockdown, whereas the induction of KRT80 was NEDD8-dependent but not affected by L11 knockdown (Figure 1b) . Importantly, out of the 28 tested p53-regulated genes, the induction of 26 was dependent on L11 and NEDD8 (Figure 1b ). These data show that L11 and NEDD8 are important regulators of transcriptional activation upon nucleolar stress and more specifically for p53 transcriptional activation. Furthermore, the almost perfect overlap in the genes controlled by both L11 and NEDD8 suggests an important role for NEDDylation to control the function of L11 during nucleolar stress. However, the mechanisms of p53 transcriptional activation upon nucleolar stress remain unclear.
RPL11 and NEDD8 are required for p53 K382 acetylation upon nucleolar stress Studies have demonstrated that p53 acetylation controls p53 activity upon stress, including ActD treatment (Brooks and Gu, 2003; Tang et al., 2008) . Furthermore, ActD can activate p53 without induction of phosphorylation of key p53 sites, such as Ser15 and Ser20 (Ashcroft et al., 2000) . We investigated the role of L11 and NEDD8 in p53 acetylation upon ActD treatment. We monitored p53 acetylation at K382, a well-studied acetylation event, which is induced upon stress (Gu and Roeder, 1997; Sakaguchi et al., 1998; Liu et al., 1999; Ito et al., 2001) . Treatment of MCF7 cells with ActD stabilised p53 and induced p53 K382 acetylation ( Figure 2a ). To test whether the observed increase in p53AcK382 was simply due to accumulation of total p53, we increased p53 levels by treating cells with the proteasome inhibitor MG132. Although MG132 treatment increased total p53 to levels comparable to ActD, there was no significant increase in p53AcK382 (Figure 2a ). This suggests that nucleolar stress by ActD causes an induction of p53AcK382. We then tested the role of L11 and NEDD8 in p53AcK382. As shown in Figures 2b and c, knockdown of either L11 or NEDD8 in MCF7 cells compromised the induction of p53AcK382 upon ActD treatment. Under these knockdown conditions, neither ribosome biogenesis nor protein synthesis is affected (Bhat et al., 2004; Sundqvist et al., 2009) . This shows that L11 and NEDD8 are required for p53 acetylation induced by nucleolar stress. Acetylation of p53 is controlled by several acetyl transferases and de-acetylases, which can display lysine specificity. For example, the CBP/p300 acetyl transferase directly binds to p53 and promotes p53 acetylation, with K382 being a well-characterised site (Gu and Roeder, 1997) . We monitored the binding of p53 to p300 under endogenous conditions upon nucleolar stress (see Supplementary Figure S1a ). To exclude the possibility that any observed changes are simply due to p53 stabilisation upon stress (Supplementary Figure S1a) , we treated cells with MG132 to provide equal levels of total p53 in unstressed and stressed conditions. As shown in Figure 2d and Supplementary Figures S1a and b, nucleolar stress by ActD increased the interaction of p53 with p300 and promoted p53AcK382. Knockdown of L11 or NEDD8 by small interfering RNA decreased the interaction of p53 with p300 upon stress, consistent with the observed defect on p53 acetylation under these conditions (Figures 2b and c and Supplementary Figure S1b ). The data suggest that L11 and NEDD8 are required for the increase in p53-p300 interaction and p53AcK382 observed upon nucleolar stress.
Kinetic analysis of p53 recruitment at promoter sites of p53-regulated genes upon nucleolar stress-the role of RPL11 and NEDD8 In response to stress, p53 acetylation has been related to p53 transcriptional activation at promoter sites of p53-regulated genes. To further elucidate the role of L11 and NEDD8 in controlling p53 acetylation and transcriptional activity, we investigated using chromatin immunoprecipitation (ChIP) and quantitative PCR the kinetics of p53 recruitment at promoter sites of p53-regulated genes during nucleolar stress. We chose the endogenous p21 promoter, as its regulation by p53 is well characterised and p21 gene expression is rapidly induced upon ActD treatment. Among the two p53-regulated sites (proximal at 1.3 kb and distal at 2.2 kb upstream to the transcription start site), we studied the distal promoter element (À2.2 kb) (el-Deiry et al., 1995) ( Figure 3a ). Low doses of ActD (5 nM) caused a rapid and progressive enrichment of p53 at the p21 promoter ( Figure 3b ). As control, the same ChIP samples were tested for p53 occupancy 5 kb upstream to the p21 start site with no detectable signal, demonstrating specificity for p53 binding at the À2.2-kb response element (Figure 3b) . Notably, knockdown of L11 or NEDD8 compromised the increase in p53 levels and occupancy upon ActD (Figures 3b, f and g ), suggesting that L11 and NEDD8 control p53 activity at the chromatin level. We then performed similar ChIP kinetic experiments to monitor p53 acetylation at the p21 promoter using the anti-p53AcK382 antibody. Figure 3c shows that ActD increases p53AcK382 at the p21 promoter with a kinetic profile similar to the recruitment of total p53. However, compared with total p53, the increase in p53AcK382 was delayed and only after 4 h of ActD treatment could a clear enrichment be detected. Similar to p53 occupancy, knockdown of L11 or NEDD8 compromised the increase in p53AcK382 occupancy upon ActD treatment, consistent with the western blot analysis ( Figure 2 ). We tested the p21 promoter occupancy by CBP/p300 during the ActD response. Both CBP and p300 are rapidly (1 h) recruited at p21 promoter upon ActD treatment, prior to the detection of p53AcK382 at the promoter site (Figures 3d and e) . Knockdown of L11 or NEDD8 severely compromised the recruitment of CBP and p300 upon nucleolar stress (Figures 3d and e). We also performed a ChIP experiment in cells treated with MG132, so that the total levels of p53 at the promoter do not significantly vary under the 
Total ActD induced Genes Tested =36 L11 and NEDD8 Dependent = 29
Total p53 Dependent Genes Tested =28 L11 and NEDD8 Dependent = 26 Figure 1 Global regulation of p53-induced genes upon nucleolar stress by L11 and NEDD8. MCF7 cells transfected with control non-targetting (NT), L11 or NEDD8 small interfering RNAs (siRNAs) were either untreated or treated with 5 nM ActD (8 h or 16 h, see Supplementary information Table 1 ). RNA was isolated as described in Materials and methods and gene expression was monitored using quantitative PCR (qPCR). (a) Expression of selected genes (full list in Supplementary Tables 1 and 2 ). (b) Venn diagrams showing number of genes dependent on ActD, L11 and NEDD8 (left), and similarly for p53-dependent genes (right).
Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al experimental conditions (Figure 3h ). Consistent with our western blotting observations, the recruitment of p300 at the promoter and p53AcK382 are not simply due to increase in p53 total protein levels but an active process that depends on L11 and NEDD8 (Figures 3i and j). The data suggest that upon nucleolar stress, L11 and NEDD8 are required for the recruitment of p53 transcriptional co-regulators that lead to p53 acetylation at promoter sites.
RPL11 is rapidly and transiently recruited at the p21 promoter during nucleolar stress Based on the presented data on the role of L11 in p53 occupancy at the p21 promoter during nucleolar stress, we tested the hypothesis that L11 may also be recruited at the same locus. Using ChIP with anti-L11 antibodies and quantitative PCR, we found that ActD causes a rapid (1-h) enrichment of L11 at the p21 promoter with maximal occupancy at 2 h post-treatment ( Figure 4a ). The effect however is transient as prolonged treatment with ActD causes decrease in L11 occupancy. Importantly, L11 recruitment displays similar early kinetics with CBP and p300, and it is prior to p53AcK382. Knockdown of L11 decreased the signal to background levels displaying the specificity of the used antibody. Furthermore, consistent with the reported role of NEDD8 in protecting L11 from degradation, knockdown of NEDD8 decreased L11 occupancy at the promoter ( Figure 4a ; Sundqvist et al., 2009) . We also found that L11 promoter occupancy depends on Mdm2, as it was reduced upon Mdm2 knockdown ( Figure 4a ). As negative control, we monitored occupancy at the -5 kb site ( Figure 4b ). Furthermore, L11 is recruited specifically at the p21 promoter site and not at the . WCL were used for IPs with DO-1 antibody and western blotting with anti-p53AcK382. The IPs signals were quantified (Image Gauge) and relative p53K382 acetylation was determined by dividing the ratios of the modified/total p53 between NEDD8 and control siRNA. WCL were also used for monitoring total levels of expression of the indicated proteins. (d) MCF7 cells were transfected with the indicated siRNAs before treatment with MG132 and ActD as in (a). WCL were used for immunoprecipitations with DO-1 anti-p53 antibody and western blotting for p300. WCL were also used for direct western blotting as indicated.
Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al transcription start site or intron 1 of the p21 gene (Supplementary Figure S2) . To further support the cooccupancy of L11 with p53 at the p21 target promoter, we performed sequential ChIP analysis by doing first ChIP with DO-1 anti-p53 antibody and then re-ChIP with anti-L11 antibodies using the immunoprecipitated total p53 as input. The occupancy at the p21 promoter was then monitored by quantitative PCR analysis. Treatment with ActD significantly increased the cooccupancy of L11, which was reduced to background levels upon L11 knockdown (Figure 4c ). To test whether L11 promoter recruitment is p53-dependent, we used HCT116 colorectal cells in two genetic backgrounds, p53 þ / þ and p53À/À. ActD treatment caused recruitment of L11 at the p21 promoter in HCT116 p53 þ / þ cells but not in HCT116 p53À/À cells, suggesting that the L11 binding to the p21 promoter is mediated through p53 (Figure 4d ). The above data strongly suggest that nucleolar stress causes the recruitment of L11 at p53 promoter sites of the p21 gene.
Nucleolar stress causes the recruitment of RPL11 and induction of p53AcK382 at promoters of additional p53-regulated genes To investigate whether the observed recruitment of L11 at the p21 promoter upon ActD treatment is a specific event or applies to other p53-regulated genes, we tested additional p53-regulated promoters for the MDM2, PUMA, BAX and PIG3 genes. We found that low doses of ActD causes increase in occupancy of L11 ( Figure 5a ) and p53AcK382 (Figure 5b ) in all tested promoters, but to a varying degree. The increase in L11 and p53AcK382 occupancy with ActD was relatively high for the MDM2 promoter, but low for the BAX promoter. Furthermore, similar to p21 promoter regulation, knockdown of L11 or NEDD8 severely compromised the increase in occupancy of L11 and p53AcK382 (Figures 5a and b) . Therefore, the recruitment of L11 at p53 promoter sites during nucleolar stress and the regulation by the NEDD8 pathway may represent key steps in the transcriptional activation of p53-regulated genes. Figure 3 Kinetic analysis of recruitment of p53 and transcriptional regulators at the p21 promoter during nucleolar stress. Regulation by L11 and NEDD8. (a) Schematic diagram of the p21 locus. The À2.2-kb upstream response element at p21 promoter is the test site for p53 binding. The À5-kb upstream non-specific site is used as negative control site. (b-e) MCF7 cells transfected with control (NT), L11 or NEDD8 (N8) siRNAs were untreated or treated with 5 nM ActD for the indicated times. ChIP analysis for recruitment of p53, K382-acetylated p53, CBP and p300 at the p21 promoter was performed as described in Materials and methods. For each condition IgG was used as negative control. Samples from control (NT), L11 or NEDD8 siRNAs were used to monitor occupancy at À5 kb as negative control (right panels). (f, g) Extracts from MCF7 cells transfected with the indicated siRNA and treated with 5 nM ActD were used for western blot analysis for the indicated proteins. A duplicate experiment described in Figure 2d was used for ChIP analysis either for p53 (h) or p300 occupancy at p21 promoter (i). (j) A duplicate experiment described in Supplementary Figure S1b was used for ChIP analysis with anti-p53AcK382 antibody.
Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al RPL11's interaction with Mdm2, but not with 5S rRNA and L5, is required for L11 recruitment to chromatin upon nucleolar stress The interaction of Mdm2 with RPs is critical for p53 stabilisation and activation during nucleolar stress. A mutant form of Mdm2 in the zinc finger central domain (Mdm2C305F), which is unable to bind to L11 and L5 RPs, makes p53 insensitive to nucleolar stress (Lindstrom et al., 2007; Macias et al., 2010) . As our data indicate that Mdm2 is required for L11 promoter recruitment, we tested the requirement for direct interaction of L11 with Mdm2. MCF7 cells were cotransfected with Flag-tagged L11 with either wild-type Mdm2 or the Mdm2C305F mutant. Cells were either untreated or treated with ActD and extracts were used for ChIP analysis using anti-Flag antibody to monitor the recruitment of Flag-L11 at the p21 promoter element (Supplementary Figure S3) . A small proportion of ectopic Flag-L11 is found on the p21 promoter when expressed alone in untreated cells, but ActD significantly increased this fraction (Figure 6a ). Expression of wildtype Mdm2 promoted the recruitment of L11 at the p21 promoter, which was further increased by ActD. However, expression of the Mdm2C305F mutant had no effect on L11 promoter recruitment in unstressed cells and had a dominant negative effect upon ActD treatment (Figure 6a ). These data demonstrate that direct interaction of L11 with Mdm2 is required for L11 recruitment at p21 promoter sites during nucleolar stress. Recent studies showed that for optimal p53 activation, the cooperation between L11 and L5 RPs is required. Furthermore, the interaction of L11 with 5S rRNA is important for the cooperative effect with L5 (Horn and Vousden, 2008) . We tested the promoter recruitment of the L11 R75Q mutant, which is deficient in 5S rRNA binding and does not cooperate with L5 for p53 stabilisation (Horn and Vousden, 2008) . Treatment with ActD caused a comparable increase in p21 promoter occupancy of the Flag-L11 R75Q mutant to wild-type Flag-L11, suggesting that L11 promoter binding is independent of its interaction network with 5S rRNA and L5 (Figure 6b and Supplementary Figure S4 ).
NEDDylation of RPL11 controls RPL11 promoter recruitment
Previous studies identified NEDDylation of L11 as a regulator of p53 activation upon nucleolar stress. NEDDylation promotes nucleolar localisation of L11 and protects L11 from degradation. ActD causes decrease in L11 NEDDylation, allowing release of L11 from the nucleolus and p53 activation (Sundqvist et al., 2009) . Indeed, NEDDylation-deficient L11 mutants (L11K0) are found mislocalised in the nucleoplasm. Consistent with the described role of NEDD8 in protecting L11 from degradation, the L11K0 mutant is highly unstable. However, when expressed at comparable levels to wild type L11, the K0 mutant is more Figure 3 Continued.
Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al efficient in protecting p53 from Mdm2-mediated degradation (Sundqvist et al., 2009 ). This suggests that the relocalisation of L11 observed during nucleolar stress provides the signal for p53 activation (Lohrum et al., 2003; Sundqvist et al., 2009) . We used the L11K0 mutant in our ChIP analysis to test the direct role of L11 NEDDylation in the recruitment of L11 at promoter sites. MCF7 cells were transfected either with wild-type or K0-mutant Flag-L11 constructs in the presence or absence of Mdm2. We used conditions where wild-type L11 and the L11K0 mutant are expressed at comparable protein levels (Sundqvist et al., 2009; Supplementary Figure S3c) . Cells were either untreated or treated with ActD, and ChIP analysis for the p21 promoter was performed as before. Compared with wild-type L11, the L11K0 mutant showed increased binding to the p21 promoter ( Figure 6c ). Treatment with ActD increased the occupancy of the wild-type L11, but had no additional effect on the occupancy of the L11K0 mutant. Expression of Mdm2 enhanced the occupancy of the wild type and the L11K0. However, although ActD further enhanced the occupancy of the wild-type L11, the K0 mutant was insensitive to ActD (Figure 6c ). Therefore, direct NEDDylation of L11 can modulate the recruitment of L11 at promoter sites during nucleolar stress. The nucleoplasmic mislocalisation of the L11K0 mutant due to lack of NEDDylation provides an explanation for the increased occupancy of the L11K0 mutant. The data also suggest that the decrease in L11 NEDDylation caused by ActD allows the recruitment of L11 at promoter sites.
The Mdm2C305F mutant is resistant to ActD-induced transcriptional de-repression of p53
To further investigate the role of L11-Mdm2 interaction in p53 transcriptional activation, we performed kinetic analysis for the recruitment of Mdm2 at p53 promoter sites. Mdm2 is a critical negative regulator of p53 transcriptional activity (Momand et al., 1992; Thut et al., 1997; Wade et al., 2010) . Studies showed that simply increase in p53 protein levels does not necessarily result in transcriptionally active p53. Rather, the relative levels of Mdm2 and p53 are critical determinants of p53 transcriptional activity (Saville et al., 2004; Wang et al., 2007) . We therefore determined the ratio of relative occupancy of Mdm2/p53 at the p21 promoter. This reflects the relative amount of p53 relieved of Mdm2 repression and potentially available for transcriptional activation. In the ChIP experiment described in Figure 3 , we also monitored the kinetics for Mdm2 recruitment at the p21 promoter during the ActD response (Supplementary Figure S5a ). We used the Mdm2 values and the values for the p53 recruitment (Figure 3b ) to determine the relative Mdm2/p53 occupancy. ActD causes a progressive decrease in the relative Mdm2/p53 ratio at the p21 promoter consistent with p53 transcriptional derepression and activation (Figure 7a ). Knockdown of L11 or NEDD8 severely compromised the effect of ActD on the Mdm2/p53 ratio. This suggests that relief from Mdm2-mediated transcriptional repression may be a mechanism for the action of L11 and NEDD8 under stress conditions (Figure 7a ). We then compared the relative occupancy ratio of wild-type Mdm2 with the Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al Mdm2C305F mutant. The Mdm2C305F mutant was recruited at the p21 promoter as efficiently as the wildtype Mdm2 (Figure 7c and Supplementary Figure S6c) . Similar to what is observed with endogenous Mdm2, ActD decreases the relative Mdm2/p53 ratio upon ectopically expressed Mdm2 (Figure 7d ). However, the Mdm2C305F/p53 ratio was unaffected by ActD, suggesting that p53 remains transcriptionally repressed (Figure 7d) . Therefore, a possible role of L11 binding to Mdm2 at the promoter is to reduce p53 transcriptional repression by Mdm2.
Regulation of chromatin and RNA polymerase II modifications by RPL11 and NEDD8 Transcriptional activation is generally marked by specific RNA polymerase II and histone modifications, which provide hallmarks of different stages in transcription, initiation or elongation. For example, phosphorylation of the C-terminal repeat domain of the RNA polymerase II largest subunit (RNA polymerase II CTD) is a critical event in the transition from transcription initiation to elongation. In particular, phosphorylation of serine 5 of the CTD is associated with initiation/early elongation complexes and localised at promoters or promoter distal regions of genes (Phatnani and Greenleaf, 2006; Fuchs et al., 2009) . Furthermore, histone H3 tri-methylation of lysine 4 (H3K4Me3) and histone H3 acetylation of lysine 9 (H3K9Ac) are considered as markers of transcriptionally active promoters (Bernstein et al., 2005; Barski et al., 2007) . We tested the role of L11 and NEDD8 in the regulation of the above-described events during nucleolar stress. The total levels of RNA polymerase II at the p21 promoter are not significantly affected by low doses of ActD, or by knockdown of either L11 or Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al NEDD8 (Figure 8a ). However, ActD caused a significant increase in phosphorylation of serine 5 of RNA polymerase II CTD, which was severely compromised by knockdown of L11 or NEDD8 (Figure 8b ). Treatment with ActD and knockdown of L11 or NEDD8 had no effect on H3K4Me3 (Figure 8c ). However, ActD significantly induced H3K9Ac and this was dependent on L11 and NEDD8 (Figure 8d) . The above data indicate that specific epigenetic events are controlled by ActD, and also identify L11 and NEDD8 as important mediators of the above-described events.
Discussion
Nucleolar signalling to p53 through RPs is emerging as an important mechanism of co-ordination between cell growth and the cell cycle. In this study, we show that nucleolar stress by low doses of ActD causes the rapid recruitment of RPL11 at the p53 binding sites of endogenous promoters of p53-regulated genes. We found that L11 is critical for promoter recruitment of the CBP/p300 transcriptional co-activators for p53. Consistent with this, L11 is required for p53 acetylation at K382, a well-defined p53 post-translational modification, controlled by CBP/p300. Importantly, kinetic analysis shows that ActD causes promoter recruitment of L11 prior to p53 stabilisation (Figures 3b and f, 4a ). Although increase in p53 levels through L11 during nucleolar stress is important for the induction of p53-regulated genes, the fast promoter recruitment of L11 may promote the additional recruitment of p53 transcriptional co-activators for full transcriptional activation (Prives and Manley, 2001; Espinosa et al., 2003; Espinosa, 2008; Kruse and Gu, 2009) . Nucleolar stress causes defined changes in chromatin and RNA polymerase II modification markers, which are associated with active transcription. Interestingly, although ActD significantly induces H3K9Ac, it has no effect on H3K4Me3. Both the H3 modifications are associated with active transcription (Lennartsson and Ekwall, 2009) . H3K4Me3 is linked with transition from transcription initiation to elongation and also to promote the anchoring of the TAF3 subunit of the basal transcription factor TFIID at promoter sites. However, the binding of TFIID is further enhanced by H3K9Ac (Bernstein et al., 2005) . Therefore, these histone modifications cooperate for transcriptional activation. The preferential regulation of H3K9Ac by ActD demonstrates that nucleolar stress induces defined changes in chromatin modification associated with transcriptional activation. Consistent with this, although there was no effect on the total promoter occupancy of RNA polymerase II, ActD dramatically induced RNA polymerase II phosphorylation of serine 5, which is regarded as a marker for transcriptional initiation/early elongation. Importantly, all the above-described events are dependent on L11 and NEDD8. Mdm2 is a well-characterised suppressor of p53 function. Mdm2 inhibits p53 through direct interaction with the N-terminal transactivation domain of p53 and through its action as an E3 ligase, promoting p53 ubiquitination and proteasomal degradation. However, at the chromatin level, nucleolar stress induces recruitment of Mdm2 at the promoter sites of p53-regulated genes. Activation of p53 transcriptional activity under stress conditions requires not only p53 stabilisation and additional post-translational modifications but also release of Mdm2 from the promoter sites, the so-called anti-repression model (Kruse and Gu, 2009 ). Our analysis reveals that L11 could participate in p53 anti-repression. We found that the Mdm2C305F mutant is recruited at the p21 promoter as efficiently as the wild-type Mdm2 upon nucleolar stress (Figure 7) . However, although nucleolar stress causes the accumulation of transcriptionally active p53 in the presence of wild-type Mdm2, p53 remained transcriptionally repressed in the presence of the Mdm2C305F mutant (Figure 7) . The role of L11 in stabilising p53 through inhibition of Mdm2-mediated degradation is well established. Our data now suggest that L11 promotes p53 stabilisation at promoter sites. Furthermore, L11 binding to Mdm2 at p53 promoter sites may not only allow p53 stabilisation but also additionally promote recruitment of p53 transcriptional co-activators (as shown for CBP/p300) and epigenetic events, Recruitment of L11 at promoter sites upon nucleolar stress B Mahata et al leading to anti-repression and transcriptional activation. The recruitment of L11 to DNA depends on its direct interaction with Mdm2 but not with 5S rRNA and L5 ( Figure 6 ). Rather, the interaction of L11 with 5S rRNA is required for the cooperation of L11 with L5 for optimal p53 transcriptional activation (Horn and Vousden, 2008) .
NEDDylation of L11 was identified as regulator of p53 activation during nucleolar stress. Although rapid decrease in L11 NEDDylation by ActD is part of p53 activation, knockdown of NEDD8 prior to stress compromises p53 transcriptional activation (Sundqvist et al., 2009 ). This apparent paradox was attributed to the role of NEDD8 in controlling L11 stability. Prolonged de-NEDDylation targets L11 for proteasomal degradation that makes the p53 pathway insensitive to ActD. Consistent with this, knockdown of L11 or NEDD8 prior to stress severely compromised all the characterised molecular events that are controlled by ActD at the chromatin level. The rapid decrease in L11 NEDDylation upon ActD treatment allows release of L11 from the nucleolus and transient recruitment of L11 at p53 transcription sites. This is further supported from the observation that the NEDDylation-deficient L11K0 mutant, which is mislocalised in the nucleoplasm, is found constitutively at the p21 promoter site in unstressed conditions but is insensitive to ActD. However, prolonged de-NEDDylation induced by ActD targets L11 for degradation, consistent with the decrease in L11 occupancy at the promoter. Thus, the dual role of NEDDylation in controlling L11 function as p53 activator and L11 stability provides an explanation for the fast but transient recruitment of L11 at promoter sites. Whether the presence of L11 at promoter sites becomes redundant after the initial recruitment and transcriptional activation is not yet clear. Therefore, decrease in L11 NEDDylation during nucleolar stress allows L11 to be recruited at promoter sites. This results in the induction of p53 acetylation, chromatin and RNA polymerase II modifications for transcriptional activation ( Figure 9) .
The global analysis on ActD and p53-induced genes shows that L11 and NEDD8 are important regulators of the p53 transcription response programme. Therefore, the presented mechanistic insights on the role of L11 and NEDD8 in controlling transcription of the p21 gene may apply to the regulation of additional p53 target genes. Furthermore, the almost perfect overlap of the genes controlled by both L11 and NEDD8 strongly suggests that the p53 transcriptional control by NEDDylation upon nucleolar stress is through regulation of L11 function.
The role of L11 in transcriptional activity regulation is not limited to p53 but has been extended for the c-myc oncogene. In this case, L11 inhibits c-myc transcriptional activity (Dai et al., 2007 . Whether the role of NEDD8 as a regulator of transcriptional activity through L11 is also extended to c-myc will be interesting to test. Multiple RPs have been reported to activate p53 in a nonredundant manner and also identified as potential NEDD8 targets. Therefore, the role of NEDD8 as p53 regulator upon nucleolar stress could be extended through control of additional RPs Zhang and Lu, 2009) . Similarly, the presented mechanisms of p53 activation by L11 could be extended to other RPs. However, we found that although L5 is recruited at the p21 promoter upon nucleolar stress, possibly through its cooperation with L11, we did not detect DNA binding for the S7 RP (Supplementary Figure S6) . Therefore, RPs may follow differential mechanisms for p53 activation upon nucleolar stress.
In summary, the presented data reveal potential mechanisms for the action of RPL11 as an activator of p53 transcriptional activity upon nucleolar disruption. The study also provides insights on the role of NEDDylation as a regulator of transcriptional activity through control of L11 and as a functional link between aberrant cell growth and the cell cycle.
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